• The distribution of the variant western corn rootworm that lays its eggs in crops in addition to corn-especially in soybeans-expanded to the west and the south.
The focus of this paper will be on the first three bullet points, although references to the expanding distribution of the variant western corn rootworm will be included in the presentation at the conference.
Corn Rootworm Management Situation in Illinois, 2004
Because of exceptional weather conditions in the spring of 2004, corn planting in Illinois got off to an early start: 40% of the corn was planted by Aprill8, and more than 80% of the corn was planted by May 2 (lASS 2004a). The corn-growing conditions for the rest of 2004 were excellent, resulting in record corn yields (lASS 2004b). However, early planting, windy conditions during planting, soil conditions in May and June, and high winds during the summer and fall were factors that either affected the efficacy of corn rootworm control products or caused severe lodging. Some of the severe lodging observed was the result of severe rootworm damage, whereas some of the lodging was a result of weak root systems that had not been damaged by corn rootworm larvae.
Throughout June, entomologists at the University of Illinois received reports from corn producers who were not satisfied with the level of root protection that was supposed to have been provided by corn rootworm control products. Most of the reports of less-than-acceptable control of rootworm larvae in June were from producers who had applied soil insecticides or planted seed treated with either thiamethoxam (Cruiser) or clothianidin (Poncho 1250). High winds occurred in some areas of Illinois in mid-july, after which we received reports of lodged corn. Some fields of YieldGard Rootworm corn were severely lodged. Most of these fields lodged because the root systems were rather puny, incapable of holding up tall stalks with developing ears of corn. In many of these fields, rootworm larval damage was not very evident and did not account for the lodging. However, in some fields, the roots of YieldGard Rootworm corn were noticeably damaged by corn rootworm larvae; the damage was greater than expected based upon previous observations of the efficacy of this product. Throughout the remainder of july and August, we received reports of less-than-satisfactory rootworm control with all registered corn rootworm control products.
The causes for the incidents of less-than-satisfactory rootworm control in Illinois in 2004 were numerous. It is likely that early planting (and therefore, early application of soil insecticides) and windy conditions during planting reduced the efficacy of granular soil insecticides. It is also likely that a lack of adequate incorporation of insecticidal granules reduced efficacy of these products. Because insecticidal seed treatments typically do not provide very good control of corn rootworm larvae when densities of rootworms are high, less-than-satisfactory control of rootworms was not surprising in light of the heavy infestations in 2004. As previously stated, the greater-than-expected damage to YieldGard Rootworm corn was a surprise. Although the causes for these occurrences are still being investigated, it is likely that rootworm control with YieldGard Rootworm corn was compromised in some producers' fields by a complex interaction of corn rootworm biology, environmental conditions, and the hybrid grown.
University of Illinois Corn Rootworm Control Trials, 2004
Entomologists at the University of Illinois have conducted trials to evaluate the efficacy of corn rootworm control products for many years. During the past 20 years, we have established these standard efficacy trials annually at three University of Illinois research centers-DeKalb, Monmouth, and Urbana. We plant our corn rootworm control trials into areas in which a trap crop (late-planted, mixed-maturity corn hybrids+ pumpkins) was planted the previous year. The trap crop attracts egg-laying female rootworms. Typically, rootworm larval feeding damage is significant in the untreated check plots every year, enabling us to compare and contrast the consistency of performance of corn rootworm control products over time. Although the amount of corn rootworm larval damage in most commercial cornfields usually is not as great as the amount of corn rootworm larval damage that we observe in our trials, the results from our trials enable corn producers to ascertain the performance of corn rootworm control products under worst-case conditions.
Plot Information and Methods
Plot Establishment. In 2004, we planted all of our corn rootworm control trials in mid to late April (Urbana-Aprill9; Monmouth-April27; and DeKalb-April28). Two corn hybrids were planted in each of these trials, Golden Harvest H-8588RW (a YieldGard Rootworm [YGRW] hybrid) and Golden Harvest H-8799 (the non-transgenic isoline of H-85588RW). Each treatment plot was four rows wide and 35 ft (DeKalb) or 40ft (Monmouth and Urbana) long. The experimental design was a randomized complete block with four replications.
All granular insecticides were applied through either Noble® units or modified SmartBox® units mounted on each row of the four-row planter. These units were calibrated to apply the designated amount of each product per l ,000 row ft. Granules were applied either in a 6-inch band over the row or in the seed furrow, according to protocol. Spring tines mounted behind the firming wheels incorporated the granules into the soil.
Capture 2EC and Lorsban 4E were applied in 6-inch bands over the rows with application equipment calibrated to deliver 5 gallons per acre (gpa) at 4 7 pounds per square inch (psi) . Spring tines mounted behind the firming wheels incorporated the liquid insecticides into the soil.
Seeds of the selected corn hybrid were sent to Syngenta and Gustafson personnel for treatment with Cruiser and Poncho 1250, respectively. Before planting any of the plots, the designated numbers of treated seeds (based upon a population of 30,000 plants per acre) were counted and placed in individual envelopes, which were emptied into modified seed hoppers and planted in the appropriate locations within each plot.
Seeds of the YGRW hybrid (Golden Harvest H-8588RW) were treated with Poncho 250. Before planting any of the plots, the designated numbers of YGRW seeds (based upon a population of 30,000 plants per acre) were counted and placed in individual envelopes, which were emptied into modified seed hoppers and planted in the appropriate locations within each plot.
Plot Evaluations and Measurements. All evaluations were conducted in each treatment plot within each replication at each location. All data were analyzed with Agricultural Research Manager (Gylling Data Management). However, the results from all of the evaluations are not presented in this article.
Plant populations were estimated in l/1,000 A in each of two rows in each plot. There were no significant differences among plant populations within a given location (the data are not presented).
Rootworm damage evaluations were conducted in mid-July. Five roots were dug from the center two rows in each plot in each replication, for a total of 20 roots per treatment (5 roots per treatment x 4 replications) . All roots were returned to the Agricultural Engineering Farm in Urbana to be washed and rated. The roots were soaked in tanks of water and then cleaned with power washers to expose the rootworm larval feeding damage. Each root was rated on a scale of l to 6 (Hills and Peters 1971) , and individual root ratings were recorded. The root-rating scale follows:
No damage or only a few minor feeding scars 2. Feeding scars evident, but no roots eaten off to within l-l/2 inches of the plant 3. Several roots eaten off to within l-l/2 inches of the plant, but never the equivalent of an entire node of roots destroyed 4. One node of roots completely destroyed 5. Two nodes of roots completely destroyed 6. Three or more nodes of roots destroyed
Percentage lodging was estimated at each location in August and in September. All estimates of lodging were taken from 1/1,000 A in one row of each plot. Lodging was defined as a plant leaning 45° or more from vertical. Some of the lodging information from the estimates in August was presented in an article in the Bulletin (Gray and Steffey 2004) . Lodging was estimated again on September 28 (Urbana and Monmouth) and September 29 (DeKalb). Although percentage lodging averages are presented in Tables 1-3 , at the time this paper was written, the lodging data had not been statistically analyzed.
In October, all treatments in all three trials were harvested and weighed individually with a smallplot combine. At Urbana and DeKalb, two rows per treatment were harvested; at Monmouth, one row per treatment was harvested. At the time this paper was written, the yield data had not been compiled and analyzed. Yield data will be presented during the conference.
Results
Urbana. Table 1 shows the mean root rating and average percentage lodging for each treatment in our trial at Urbana. The mean root rating in the untreated check plots was 5.80 (almost three nodes of roots destroyed) , indicating that rootworm larval feeding damage was severe. Although the mean root ratings for all treatments were significantly lower than the mean root rating for the untreated check, severe rootworm feeding damage was observed in several treatments.
Based upon statistical analysis, the mean root ratings for the first 11 treatments listed in Table 1 were not significantly different (mean root ratings ranging from 2.45 to 3.2). The mean root rating for Force 3G ( 4 oz rate, applied in a band) was significantly lower than the mean root ratings for Aztec 4.67G (3 oz rate , applied in a band), Capture 2EC, Poncho 1250, Cruiser, and both placements of Empower 2. The mean root ratings for Empower 2 were significantly higher than the mean root ratings for all other products except Poncho 1250 and Cruiser. The mean root ratings for Poncho 1250 and Cruiser were significantly higher than the mean root ratings for all other products except Aztec 4.67G (3 oz rate, applied in a band), Capture 2EC, and Empower 2.
The mean root rating for YGRW corn at Urbana was 3.15 , not significantly different from the mean root rating (2.45) of Force 3G ( 4 oz rate, applied in a band). However, based upon past experiences with YGRW corn, the mean root rating of 3.15 for YGRW corn was greater than expected. In the past, mean root ratings for YGRW corn were always lower than 3.0 in University of Illinois trials.
Because of the greater-than-expected damage to YGRW corn and subsequent lodging, we dug and rated 40 roots (lO per replicate) from the YGRW plots again during the first week of August. Slightly more than 3 weeks had elapsed since our original ratings were taken on july 10. Average root ratings per replicate were 3.6, 3.4, 3.6, and 3.8 (overall average= 3.6). The range in root injury was 3 to 4 (60% of the roots were rated 4.0). No roots extracted from the YGRW plots in August rated 1 or 2. To quantify the level ofroot pruning on YGRW roots more precisely, we also rated the roots using the 0-to-3 node injury scale (Oleson and Tollefson 2001) . Average node injury ratings per replicate were 1.4 3 (nearly 1 1/2 nodes destroyed), l. 08 (l node destroyed), 1.64 (slightly more than 1 1/2 nodes destroyed), and 1.24 (slightly more than 1 node destroyed). The overall node injury rating was 1.35 (l 1/3 node destroyed). This level of root injury was much greater than we had observed in july.
All sampled plants in the untreated check at Urbana were lodged. More than 50% lodging was estimated in the plots treated with Cruiser (51%), Empower 2 applied in both a band (54%) and in furrow (58%), and YGRW corn (66%). Lodging in the Capture-treated plots was 32%. In general, the percentage lodging increased when the mean root rating was greater than 4.0. 4 Average root ratings are based upon root ratings of five individual roots per treatment in each of four replications.
5 Means followed by the same letter do not differ significantly (P = 0.05, Duncan's New Multiple Range Test).
6 Percentage lodging was estimated in 1/1,000 A in one row of each treatment in each of four replications. Lodging was defined as a plant leaning 45° or more from vertical. Average lodging is presented as rounded, whole numbers. 7 Applied with modified SmartBox metering units. 8 YieldGard Rootworm corn hybrid was Golden Harvest H-8588RW. All other treatments were applied to Golden Harvest H-8799 (the non-transgenic isoline of H-85588RW).
DeKalb. Table 2 shows the mean root rating and average percentage lodging for each treatment in our trial at DeKalb. The mean root rating in the untreated check plots was 5.0 (two nodes of roots destroyed), indicating that rootworm larval feeding damage was severe. Although the mean root ratings for almost all treatments were significantly lower than the mean root rating for the untreated check, severe rootworm feeding damage was observed in several treatments.
The mean root ratings for the first four treatments listed in Table 3 were not significantly different (mean root ratings ranging from 2.35 to 2.75). The mean root rating for YGRW corn (2.35) was significantly lower than the mean root ratings for all treatments except Force 3G ( 4 oz rate, applied in a band), Aztec 2.1G, and Fortress 2.5G. The mean root ratings for Capture 2EC (3.9), Poncho 1250 (3.95), and Empower 2 (applied in furrow) were significantly greater than the mean root ratings for all treatments except Empower 2 (applied in a band) and Cruiser. The mean root ratings for Cruiser and Empower 2 (applied in a band) were not significantly different from the mean root rating for the untreated check.
Because of the damage to YGRW corn we had observed in our Urbana trial, we dug and rated roots from the YGRW plots in our DeKalb trial again on August 12. Root ratings 0-to-6 scale) by replicate were 2.6, 2.3, 2.3 , and 2.2 (overall average= 2.35). However, the range in root ratings for DeKalb was 2 to 5.
Strong winds caused significant lodging in several treatments at DeKalb. Almost all plants (96%) in the untreated check plot lodged. Lodging exceeded 50% in the following treatment plots: YGRW corn (56%), Capture 2EC (73%), Poncho 1250 (83%), Empower 2 applied in furrow (93%), Empower 2 applied in a band (100%), and Cruiser (100%). Single-digit percentage lodging occurred in only three treatment plots: Force 3G ( 4 oz rate, applied in a band; 4%), Fortress 2.5G (0%), and Lorsban 15G (4%). 4 Average root ratings are based upon root ratings of five individual roots per treatment in each of four replications.
6 Percentage lodging was estimated in 1/1,000 A in one row of each treatment in each of four replications. Lodging was defined as a plant leaning 45° or more from vertical. Average lodging is presented as rounded, whole numbers. 7 YieldGard Rootworm corn hybrid was Golden Harvest H-8588RW. All other treatments were applied to Golden Harvest H-8799 (the non-transgenic isoline of H-85588RW). 8 Applied with modified SmartBox metering units. Table 3 shows the mean root rating and average percentage lodging for each treatment in our trial at Monmouth. The mean root rating in the untreated check plots was 5. 7 5 (almost three nodes of roots destroyed), indicating that rootworm larval feeding damage was severe. Although the mean root ratings for all treatments were significantly lower than the mean root rating for the untreated check, severe rootworm feeding damage was observed in several treatments.
Monmouth.
The mean root rating for YGRW corn (1.8) was significantly lower than the mean root ratings for all other treatments. The mean root ratings for the next nine treatments listed in Table 4 were not significantly different (mean root ratings ranging from 2.55 to 3.25). The mean root ratings for Fortress 2.5G and 5G (both 2.55) were significantly lower than the mean root ratings for Force 3G ( 4 oz rate, applied in a band; 3.35), Capture 2EC (3.45) , Poncho 1250 ( 4.1), and Cruiser (5.1). The mean root rating for Nufos 15G (2.65) was significantly lower than the mean root ratings for Capture 2EC, Poncho 1250, and Cruiser. The mean root ratings for Poncho 1250 and Cruiser were significantly higher than the mean root ratings for all other treatments; however, the mean root rating for Poncho 1250 was significantly lower than the mean root rating for Cruiser.
Because of the damage to YGRW corn we had observed in our Urbana trial, we dug and rated roots from the YGRW plots in our Monmouth trial again on August 12 . Root ratings 0-to-6 scale) by replicate were 2 .5, 2.0, 2.7, and 2.2 (overall average= 2.35). However, the range in root ratings for Monmouth was 2 to 4.
Lodging was less evident at Monmouth than at either Urbana or DeKalb. However, all plants lodged in the untreated check plots, and lodging exceeded 50% in the Poncho 1250 plots (56%) and the Cruiser plots (65%). Double-digit percentage lodging occurred in the YGRW corn plots (10%) and the Fortress 5G plots (13%). Rates of application for band and furrow placements are ounces (oz) of product per 1,000 feet of row.
2 Rates of application for seed treatments are milligrams (mg) of active ingredient (a .i.) per seed. 3 Root ratings are based upon the 1-to-6 root-rating scale developed by Hills and Peters (1971 ) . 4 Average root ratings are based upon root ratings of five individ ua l roots per treatment in each of four replications. 5 Means followed by the same letter do not differ significantly (P = 0.05, Duncan's New Multiple Range Test). 6 Percentage lodging was estimated in 1/1,000 A in one row of each treatment in each of four replications. Lodging was defined as a plant leaning 45° or more from vertical. Average lodging is presented as rounded, whole numbers. 7 YieldGard Rootworm corn hybrid was Gold en Harvest H-8588RW. All other treatments were applied to Golden Harvest H-8799 (the non-transgenic isoline of H-85588RW).
Average percentage lodging
B Applied with modified SmartBox metering units.
Discussion
The severe rootworm larval damage that occurred at all three of our trial locations in 2004 provided excellent circumstances for comparisons of efficacy of several corn rootworm control products. Differences in performance of some products among the three locations also serve as a reminder than soil and environmental conditions significantly influence the efficacy of corn rootworm control products. The performance of several rootworm control products varied by location and by formulation.
The economic index used by many entomologists is a root rating of 3.0 (several roots eaten off to within 1 1/2 inches of the plant, but never the equivalent to an entire node). Rootworm damage resulting in a root rating above this index could lead to potential yield loss and be deemed unacceptable. As indicated previously, in general, as the mean root rating increased, the percentage of lodging increased. Severe lodging can contribute to yield loss. Only Fortress 2.5G applied in furrow held the mean root rating below 3.0 at all three locations, and lodging percentages in plots treated with Fortress 2.5G were 8%, 0%, and 1% at Urbana, DeKalb, and Monmouth, respectively The mean root ratings for seven products were below 3.0 at two of the three locations: Aztec 2.1G (6.7 oz rate , applied in a band), Aztec 4.67G (3 oz rate, applied through a SmartBox in a band), Force 3G ( 4 oz rate, applied in a band), Fortress 5G (3. 7 oz rate, applied in furrow), Lorsban 15G (8 oz rate, applied in a band), Nufos 15G (8 oz rate, applied in a band), and YGRW corn.
Empower 2 did not perform well under the intense pressure at Urbana and DeKalb (Empower 2 was not applied in the trial at Monmouth), with mean root ratings greater than 4.0 at both locations. Likewise, the seed treatments did not perform well at any of the three locations. The Cruiser and Poncho 1250 treatments had average root ratings ranging from 4.15 to 5.10 and 3.95 to 4.10, respectively Regarding the performance of liquid insecticides, Lorsban 4E provided significantly better root protection than Capture 2EC at both Urbana and DeKalb.
In several ways, the results from our rootworm control trials in 2004 substantiated most of the generalities about rootworm control that we have stated in the past. In general, when accurately applied and incorporated, granular insecticides provide better protection against corn rootworm larvae than liquid insecticides and seed treatments. The exception to this statement is Empower 2, which does not seem to be a very effective rootworm control product. It is also worth noting that Lorsban 4E, under the conditions of our trials in 2004, performed relatively consistently (mean root ratings of 2.65, 3.15, and 2.65 at Urbana, DeKalb, and Monmouth, respectively).
The insecticidal seed treatments currently on the market do not protect corn roots from corn rootworm larval damage very well when infestations of corn rootworm larvae are heavy. We have stated this before, based upon the results from our trials during the past few years, and the results from our trials in 2004 validate the statement. Producers should consider using another rootworm control tactic in fields with a high risk of severe rootworm damage.
Generally speaking, YieldGard Rootworm corn did not perform as well in our trials in 2004 as it had in our trials in previous years. The greater-than-expected rootworm damage to YieldGard Rootworm corn-not only in our trials, but also in a few commercial cornfields-has resulted in a search for explanations. Although we feel fairly confident that corn rootworms have not developed resistance to the Bt protein expressed in YieldGard Rootworm corn, no definitive cause for greater-than-expected rootworm damage to YieldGard Rootworm corn has been determined. As stated previously, it is likely that rootworm control with YieldGard Rootworm corn was compromised by a complex interaction of corn rootworm biology, environmental conditions, and the hybrid grown. Following are some questions and responses that address this situation:
• Were high densities of corn rootworm larvae the sole explanation for greater-thanexpected rootworm damage to YieldGard Rootworm corn? No. For example, rootworm damage was severe in our rootworm control trial in Urbana in 2003 (average root rating in the untreated check= 5.45), but the average root rating for YieldGard Rootworm corn was 1.35.
• Can time of planting affect the efficacy of YieldGard Rootworm corn? Advertisements about YieldGard Rootworm corn indicate season-long control of corn rootworms. However, scientists know that the expression of the Cry3Bb1 protein expressed by YieldGard Rootworm corn declines over time. The lethal concentration (LC 50 -the concentration necessary to kill 50% of a corn rootworm larval population) of the Cry3Bb1 protein is 75 parts per million (ppm). Dudin et al. (2001) conducted some experiments to measure the expression of the Cry3Bb1 protein and determined that the overall expression of Cry3Bb1 in corn roots was only 58 ppm. Overall survival of corn rootworm larvae that feed on transgenic roots of YieldGard Rootworm corn is estimated to range from 17% to 62% (US EPA 2002) . If the expression of the Cry3Bb1 protein declines significantly over time, it is possible that a less-than-critical dose of the protein will be presents when rootworm larvae are feeding on the roots. In 2004, we planted our trials much earlier than we had planted trials at the same locations in 2003.
• Are there critical differences in expression of the Cry3Bb1 protein among hybrids? More research is needed to answer this question satisfactorily. However, based upon our observations in 2003 and 2004, we believe the answer to this question is "yes." We believe that expression of the Cry3Bb1 protein in transgenic corn hybrids is likely to differ among hybrids based upon genetic differences (e.g., root morphology, root growth characteristics) among hybrids and the complex interactions with soil moisture, nitrogen availability, planting dates, and corn rootworm densities.
• Are some hybrids with relatively weak rooting characteristics poor candidates for the YieldGard Rootworm technology? Perhaps. Plant breeders with seed companies can address this question best. We believe that hybrids with the greatest yield potential but with weak root systems may have been selected preferentially for development with the Cry3Bb1 protein. In 2005, we hope to evaluate this question more thoroughly by examining the level of root injury among several transgenic corn rootworm hybrids at each of our main corn rootworm experimental sites.
A caveat about our rootworm control trials is in order. Many corn producers ask "Why did product X work in your trials, but it didn't work for me?" Our three rootworm control trials provide only three snapshots of product efficacy each year; however, rootworm control products are used on millions of corn acres in Illinois each year. Because many factors (e.g., environmental conditions, lack of incorporation) affect the efficacy of rootworm control products and because soil and environmental conditions can differ significantly from one location to another, the results from our trials will not reflect the results that might be obtained under different conditions. Therefore, the only way to assess the reliability (or lack thereoD of a corn rootworm control product is to assess the consistency of a product' s performance over time and geography Producers should review efficacy data from several objective sources, including results from other land-grant universities and from independent consultants. Also, producers should consider asking other producers about their experiences with corn rootworm control products. Products that perform consistently well in universities' and consultants' trials and in other producers' fields are the products that will be reliable under most circumstances. That having been said, however, no corn rootworm control product is "bulletproof," and certain circumstances can challenge even the most consistent product. For example, past research (Steffey et al. 1985) has shown that inadequate incorporation can reduce the effectiveness of some granular products. Consequently, we emphasize that all corn rootworm control products should be applied or planted with rigorous attention to label directions (e.g., placement, incorporation) to ensure that the product has the optimum likelihood for providing an acceptable level of root protection.
